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ABSTRACT 
Phospholipase D (PLD) is an important signaling phospholipase in higher systems 
and an attractive biocatalyst in phospholipids transformation. In the present study, PLD 
activity has been identified in some new plant sources i.e. Allium sativum (garlic) bulbs, 
Zingibar officinale (ginger) rhizomes, Brassica juncea (mustard) seeds and Azadirachia 
indica (neem) leaves with the aim of identifying PLDs that possess high catalytic activity 
and stability. All these four plants showed PLD activity. The specific activity of PLD was 
higher in mustard seeds and in garlic bulbs than in cabbage leaves, however, it was lower 
in ginger rhizomes and in neem leaves. We have characterized emd purified PLD from 
garlic bulbs (PLDGB) and mustard seeds (PLDMS). 
The substrate dependence of PLDGB followed a sigmoidal path, indicating that the 
enzyme shares the phenomenon of interfacial activation with other lipolytic enzymes i.e. 
the hydrolytic rate increases when the substrate changes from monomeric to an 
aggregated state. The enzyme activity is highly pH and temperature tolerant. PLDGB has 
three pH optimas i.e. pH 4, 7 and 10. The temperature optimum was determined to be 
yO C^. PLDGB unlike many plant PLDs exhibited high thermal stability. It was activated 
further after exposure to high temperatures i.e 80°C, indicating that the enzyme refolds 
better after exposure to thermal stress. Like most conventional plant PLDs, calcium ions 
in the millimolar range are required for the optimal activity of plant PLDGB- Maximum 
activity of PLDQB vvas observed in the presence of 70 mM calcium ion concentration. 
However, no metal ion is mandatory for its activity. PLDGB is activated ftirther in the 
presence of phosphatidyi-4,5-bisphosphate (PIP2), therefore, PIP2 is a regulator of the 
activity of PLDOB- It is predicted that PLDGB is an a-type of plant PLD, since it requires 
millimolar concentration of calcium ions for maximal activity. A new convenient 
spectroscopic assay for the rapid determination of the transphosphatidylation activity of 
PLDs was developed and standardized using pure PLD from cabbage leaves (PLDCL)-
PLDGB exhibited transphosphatidylation activity which appears to be even higher than 
that of PLDcL- PLDQB was purified to homogeneity by 60% ammonium sulphate 
precipitation followed by DEAE cellulose chromatography. The molecular mass of 
PLDGB was determined to be 68 kd. 
PLDMS also shows the phenomenon of interfacial activation, and its activity is 
highly pH and temperature tolerant. The pH and temperature optima were determined to 
be pH 6.0 and 60°C, respectively. PLDMS exhibited high thermal stability. The enzyme 
retained full activity after incubation for 30 min at 60°C. Calcium ions in the millimolar 
range (2 mM and above) are required for the optimal activity of PLDMS- However, no 
metal ion is mandatory for its activity. The activity of PLDMS is independent of PIP2 and 
seems to depend on some other lipid molecule present in mustard oil. It is predicted that 
PLDMS is also an a-type of plant PLD, since it requires millimolar concentration of 
calcium ions for maximal activity. It was possible to partially purify PLDMS by 50% and 
80% acetone precipitation and three phase partitioning (TPP) methods. The molecular 
mass of PLDMS is estimated to be 68 kd. 
Highly active and stable enzymes like PLDGB and PLDMS may be utilized in the 
lipid industry for the synthesis of rare natural or artificial phospholipids. 
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Phospholipases constitute a diverse series of enzymes that can be classified 
into phospholipase D, C, A2, Ai and B according to their sites of hydrolysis on 
phospholipids (fig.l) (Wang, 2001). Phospholipids provide the backbone for 
biomembranes, serve as rich sources of signaling messengers and occupy important 
junctions in lipid metabolism. The activities of phospholipases not only affect the 
structure and stability of cellular membranes, but they also regulate many cellular 
functions. 
1.2. Phospholipase D 
1.2.1. Functions 
Phospholipase D (PLD) (EC 3.1.4.4), is distributed widely both in the plant 
and animal kingdom, and catalyzes the hydrolysis of the terminal phosphodiester 
bond of glycerophospholipids. Because of us additional capability of transferring the 
phosphatidic acid moiety of the substrate to various primary acceptor alcohols, the 
enzyme is predestined for preparation of phospholipids with modified head groups 
(Eibl & Kovatchev, 1981; Shuto etal., 1987). PLD hydrolyzes phosphatidylcholine to 
produce phosphatidic acid and choline. Phosphatidic acid can be further hydrolyzed 
to lysophosphatidic acid by phospholipase A2 or to diacylglycerol by phosphatidic 
acid phosphohydrolase. Lysophosphatidic acid is a known mitogen that interacts with 









. PtdOH + Cho 
PLC 
- DAG + P-Cho 
*-»• l-acyl-2-lysoglycerol-P-Cho + FA 
o=c c=o ^ 
I 1 •* *• glycerol-P-Cho + FA 
C 
*^ 2-acyl-l-ly3oglyccrol-P-Cho + FA 
Fig. 1. Hydrolysis of phDsphatidykhAline by FLD, PLC, PLA ,^ PLA ,^ PLB, 
and lysoPLA and the lespective leaction products. The anow lines for PLD, 
PD3, aid PLAj indicate the site of h5rdiol5rsis, but those for PLB, Ij^ soPLA, and 
PLAj do not. PLAj li5fdiolyzes the sn-1 acylesterbond, whereas l5rsoPLA removes 
the last fatty acid from lysophospholipids that can be produced by PLAj and 
PLAj, as marked by the curved arrows. PLB sequentially removes two fatty acids 
from phospholipids, and its final reaction products are the same as those of 
lysoPLA. Cho, Choline; P-Cho, PhosphochDline;FA, fatty acid. (Wang, 2001). 
diacylglycerol activates protein kinase C (Berridge, 1993). In addition, the 
stimulation of PLD by small G proteins such a ARF and Rho suggests that atleast 
some forms of PLD may be involved in intermembrane protein trafficking and 
cytoskeletal rearrangement (Exton, 1997; Singer et al., 1997). 
PLD catalyzed hydrolysis of phospholipids has been observed during seed 
germination, aging, and senescence and under a broad spectrum of stress conditions, 
including freezing, drought, wounding, pathogen infection, nutrient deficiency, and 
air pollution (Chapman, 1998; Frank et al, 2000; Wang, 2000). Specifically, PLDs 
play pivotal roles in plant response to stresses, and one way in which they achieve 
this is by mediating the action and production of stress-related hormones, abscisic 
acid (ABA) (Fan et al, 1997; Jacob et al, 1999), jasmonic acid (Wang et al, 2000), 
and ethylene (Lee et al, 1998). 
In yeast, PLD is required for the late phases of meiosis and sporulation (Rose 
et al, 1995); its fimction in these processes may result from a role in membrane 
traficking (Xie et al., 1998). In mammalian cells, PLD function is important for 
various processes, including vesicular traficking, secretion, mitogenesis, oxidative 
burst, and cytoskeletal rearrangement (Liscovitch et al, 2000). Activation of PLD 
produces messengers that in turn activate various enzymes such as protein kinases, 
lipid kinases, phosphatases, and phospholipases. A recent study also suggests that 
PLD activation may promote degradation of the translation factor eEFI A (Ransom-
Hodgkins era/., 2000). 
1.2.2. Subfamilies 
Based on the requirements for Ca^ * and lipids of in vitro assays, PLDs can be 
grouped into three classes: (a) the conventional PLD that is most active at millimolar 
levels of Ca^ * (20 to 100 mM), (b) the polyphosphoinositide (Pl)-dependent PLD that 
is most active at micromolar levels of Ca^^ and (c) the phosphatidylinositol (Ptdln)-
specific PLD that is Ca^*-independent (Wang, 2000). The conventional PLD is the 
most prevalent and best studied class in plants and has been purified to apparent 
homogeneity from several plant sources (Wang, 2000). The Pl-dependent PLD was 
characterized recently in Arabidopsis (Pappan et al., 1997) while the Ptdln-specific 
PLD was identified in suspension cells of Catharanthus roseus (Wissing et al., 1996). 
According to similarities of deduced amino acid sequence, gene architecture, 
and biochemical properties, PLDs in Arabidopsis are divided in five groups, PLDa, 
P, y, 5 and e. Most of the PLDs cloned fix)m other plant species belong to the PLDa 
group, and multiple PLDos have been cloned from cabbage (Kim et al, 1999; 
Pannenberg et al., 1998; SchSffher et al., 2002), Craterostigaplantagineum (Frank et 
al., 2000), and rice (Morioka et al, 1997). Two isoenzymes of PLD from cabbage, 
PLDl and PLD2 have recently been identified, on the basis of their cDNAs 
(Schaf&ier et al, 2002), Both have been assigned to the a-type of plant PLDs. 
1.23. Catatysis and substrate specificity 
The halhnark of the PLD superfamily is the consensus motif, H(X)K(X)D, 
embedded within a more loosely conserved region that is usually present in two 
seperate copies in PLD, PSS, and cardiolipin synthases but found as a single copy in 
the nucleases (Koonin, 1996; Ponting & Kerr, 1996). The PLDs cloned from 
eukaryotes all contain two H(X)K(X)D motifs, which constitute two active-site 
regions necessary for PLD activity (Xie et al, 2000). Recently, crystal structures have 
been determined for a I6-kd endonuclease member of the PLD superfamily (Stuckey 
& Dixon, 1999) and a 54-kd bacterial PLD (Leiros et al, 2000) (fig.2). Such 
structural information provides valuable insights into the mode of action of PLD 
catalysis. The enzymes of the PLD superfamily use a conserved histidine for 
nucleophilic attack on the substrate phosphorus. PLD hydrolyzes phospholipids at the 
P-0 rather than the C-0 bond via a two-step ping-pong reaction mechanism involving 
a phosphatidylated enzyme intermediate (Stuckey & Dixon, 1999). 
Most plant PLDs have broad substrate specificity (Abousalham et al., 1997; 
Pappan et al., 1998), but different groups of PLDs exhibit varied abilities to 
hydrolyze different phospholipids (Pappan et al., 1998). PLDa, P, and y all utilize 
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylglycerol as 
substrates, but the substrate presentation and Ca levels required for PLDp and y are 
strickmgly different from those of PLDa (Pappan et al., 1998). In addition, PLDp and 
y use phosphatidylserine and N-acyl phosphatidylethanolamine as substrates. 
Although PLDp and y hydrolyze the same substrates, PLEXy, but not PLDP, prefers 
ethanolamine-containing lipids-phosphatidylethanolamine and N-acyl 
phosphatidylethanolamine to other lipids. None of these cloned PLDs uses 
phosphatidylinositol 4,5-bisphosphate, or cardiolipin as a substrate. In contrast, the 
Fig. 2. Stereographic illustration of PLD from Streptomyces sp. Strain PMF 
coloured from dark blue to red according to the amino acid sequence. Two flexible 
loops (dashed and labeled LI and L2, accordingly) are seen at the right side, which is the 
part of the enzyme that docks on to the membrane when hydrolyses takes place. Two 
phosphate ions (red) are found on the surface of the protein, one located at the interface 
between two independent crystallography related molecules, and the other in the active 
site of the protein, which is located in the center of the figure. (Leiros et al., 2000) 
Ca'^ -independent PLD fix)m C. roseus hydrolyzes phosphatidylinosito!. but not 
phosphatidylcholine, phosphatidylethanolamine or phosphatidylglycerol (Wissing et 
al, 1996). The PLD also was reported to lack the transphosphatidylation activity 
characteristic for all other PLDs (Pappan et ai, 1998; Wang, 2000). Varied substrates 
specificities and preferences suggest that activation of different PLDs may result in 
selective hydrolysis of membrane phospholipids. 
1.2.4. Regulation and Activation 
A number of factors influence the activities of PLD. Notable among these are 
Ca^ * (Wang, 2000; Zheng et ai, 2000), pis (Pappan et ai, 1997; Qin et ai, 1997), 
substrate lipid composition (Pappan et ai, 1998), pH changes (Pappan & Wang, 
1999), and mastoparan, a tetradecapeptide G-protein activator (Van Himbergen et ai, 
1999). PLDs bind Ca^ ^ and phosphatidylinositol 4,5-bisphosphate (Pappan et ai, 
1997; Zheng et ai, 2000). Sequence analysis indicates that plant PLDs contain a 
Ca^Vphospholipid-binding fold, called the C2 domain, at the N-terminus (Pj^pan et 
ai, 1997). The C2 domains of PLDa and p have been demonstrated to bind Ca^ '^ and 
this binding causes conformational changes of the proteins (Zheng et ai, 2000). 
PLDp C2 have a higher affinity for Ca^ "^ . The Ca^ * requirement of PLDa is 
influenced strongly by pH and substrate lipid composition (Pappan & Wang, 1999). 
PLDa is active at near-physiological, micromolar Ca^ ^ concentrations at pH of 4.5-
5.0 in the presence of mixed lipid vesicles. In contrast, PLDp and a are most active 
around neutral pH, and their Ca^ ^ requirements are independent of pH. 
Intracellular translocation between cytosol and membranes have been 
proposed as one important mechanism of PLD activation (Wang, 2000). The relative 
distribution of PLD between the soluble and membrane fraction changes during 
development and in reponse to stress (Ryu & Wang, 1996; Wang et ai, 2000). Study 
of the Ca^ * and C2 domain interaction showed that Ca^ ^ binding increases the affinity 
of the C2 domains for membrane phospholipids (Zheng et ai, 2000). This indicates 
that C2 domains in PLDs are responsible for mediating a Ca^ -^dependent intracellular 
translocation between cytosol and membranes. The increased association with 
membranes of preexisting PLD in the cell may represent a rapid and early step in 
PLD activation in stress responses (Wang et ai, 2000). In addition, gene expression 
also plays a role in regulating the cellular levels of some PLD isoforms (Wang et ai, 
2000). 
1.2.5. Stability 
Plant PLDs in general are labile and several attempts have been made to 
improve their reusability and stability by immobilizing them on various supports. The 
first extensive study of transphosphatidylation reactions catalyzed by immobilized 
PLD from white cabbage was published by Tobback et ai, (1988), and best results 
were obtained with PLD bound either to porous glass or to DEAE-Sephadex. Reuter 
(1997) immobilized PLD fix)m cabbage on SiOa (Cab-osil MS), Immobilization of 
PLD from cabbage to carriers with hydrophobic surfaces in the presence of Ca^ * ions 
resulted in a marked increase in storage stability and a considerable broadening of the 
activity profile between pH 5 and 7 (Lambrecht & Ulbrich-Hofinann, 1993). 
However, the recombinant cabbage PLD2 immobilized on antibody support was 
rendered labile to high temperatures and storage (Younus et ai, 2004). 
13. Allium sativum {gnWc) 
Allium sativum (garlic) is a perennial plant in the family AUiaceae and genus 
Allium, closely related to the onion, shallot and leek. It does not grow in the wild, and 
is thought to have arisen in cuUivation, probably descended from the species Allium 
longicuspis, which grows in south-western Asia. The portion of the plant most often 
consumed is an underground storage structure called a head which is composed of a 
dozen or more discrete cloves (fig.3), each of which is a botanical bulb, an 
underground structure comprised of thickened leaf bases. The above ground portions 
of the garlic plant are also sometimes consumed particularly while immature and 
tender. Garlic is more often used for seasoning or a condiment. 
13.1. Medicinal uses 
It has been reported that garlic has some health benefits as diminishment of 
platelet aggregation (Balch, 2000), lowering of cholesterol, triglycerides and low 
density lipoproteins- cholesterol (Block, 1985), treatment of hyperlipedaemia (Block, 
1992), the significant inhibition of atherosclerosis via the use of aged garlic extract 
and the protective nature of chronic garlic intake on elastic properties of aorta in the 
elderly (Efendy et aU 1997). Regular prolonged use of therapeutic amount of aged 
garlic extract lowers blood homocysteine levels, and prevents some complications of 
r^-w 




Fig. 3. Allium sativum (garlic) plant. Several garlic plants (A); parts of a 
single garlic plant (B); several garlic heads (C); a single garlic head (D); a 
single garlic bulb (E). 
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diabetes mellitus. It may have some cmcer fighting properties because it is rich in 
diallyl sulphides (DADs), believed to be anticarcinogenic (Hile et al., 2004) 
In modem naturopathy, garlic is used for treatment of intestinal worms. 
Garlic cloves continue to be used as a remedy for infections (especially chest 
problems), digestive disorders, and fungal infections such as thrush. Whole cloves are 
sometimes used as a home remedy for candidiasis. Dietary supplements in pill form, 
such as garlique, claim to posses the medicinal benefits of garlic without unsocial 
qualities associated with fresh cloves (Jain, 1993). 
1.3.2. Contents of garlic bulbs 
The percent composition of the garlic bulb is; water 84.1%, organic matter 
13.4% and inorganic matter 1.5%. Large number of sulphur compounds contribute to 
the taste and smell of garlic. Diallyl disulphide is believed to be an important odor 
component. AUicin has been found to be the component most responsible for the 
spiciness of raw garlic. This chemical opens themo TRP (transient receptor potential) 
channel for the burning sense of heat in foods. The process of cooking garlic removes 
allicin, thus mellowing its spiciness. Also allicin is a powerful antibiotic and 
antifungal compound (phytoncide). 
Garlic also contains allin, ajoene, geraniol, kaempferol, stigmasterol, phytic 
acid etc., few enzymes, minerals like calcium, phosphorus, iron, potassium etc., and 
certain vitamins like vitamin Bi, B2, B3 and C. 
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1.4. Brassicajuncea (brown or Indian mustard) 
Brassica juncea (brown or Indian mustard) is widely cultivated in India 
(fig.4). The mustards are several plant species in the genus Brassica whose 
proverbially tiny mustard seeds are used as a spice. Although widely and extensively 
grown as a vegetable, it is being grown more for its seeds which yield an essential oil 
and condiment. Mustard seeds are small, about 1mm in diameter. They may be 
colored from yellowish white to black. They are important spices in many regional 
cuisines. Mustard oil can be extracted from the seeds. 
1.4.1. Medicinal use 
Mustard is a medicinal plant. It is reported to be anodyne, apertif, diuretic, 
emetic, rubefacient, and stimulant. Indian mustard is a folk remedy for arthritis, 
footache, lumbago, and rheumatism (Duke & Wain, 1981). Seeds are used for tumors 
in China. The volatile seed oil is used as a counterirritant and stimulant. In Java the 
plant is used as an antisyphilitic emmenagogue. The leaves applied to the forehead 
are said to relieve headache (Burkill, 1966). In Korea, the seeds are used for 
abscesses, colds, lumbago, rheumatism, and stomach disorders. Chinese eat the leaves 
in soups for bladder, inflammation or hemorrhage. Mustard oil is used for skin 
eruptions and ulcers (Perry, 1980). 
1.4.2. Contents of mustard seeds 
12 
Fig. 4. Brassica juncea (mustard) plant. Several plants in the field condition (A); a 
single plant (B); flowers (C); seeds (D). 
13 
Per 100 g, the mustard seeds are reported to contain 6.2 g H20,24.6 g protein, 35.5 g 
fat, 28.4 g total carbohydrate, 8.0 g fiber, and 5.3 g ash. Seed sterols contain 19.2% 
brassicasteiol (9.1% esterified), 23.6% fi-ee campesterol (34.0% esterified), 57.2% 
sitosterol (55.2% esterified), 1.7% esterified D-5-avenasterol, and a trace of D-7-
stigmasterol. The seeds also contains the glucosinolate sinigrin (potassium myronate); 
the eruyme myrosin (myrosinase); sinapic acid; sinapine (sinapic acid choline ester); 
fixed oils (25 to 37%) consisting mainly of glycerides of erucic, eicosenoic, arachidic, 
nonadecanoic, behenic, oleic, and palmitic acids; among others; proteins (e.g., 
globulins); and mucilage (Leung, 1980). Sinigrin on hydrolysis by myrosin 
(myrosinase) yields allyl isothiocyanate, glucose, and potassium bisulfate. Allyl 
isothiocyanate is volatile; its yield from B. j'uncea is 0.25 to 1.4%. Other minor 
volatile components that are also set fiee by enzymatic hydrolysis include methyl, 
isopropyl, sec-butyl, butyl, 3-butenyl, 4-pentenyl, phenyl, 3-methylthiopropyl, 
benzyl, and p-phenylethyl isothiocyanates. Allyl isothiocyanate is irritant, rubefacient 
and vesicant. It is also lachrymatory and has counterirritant properties when greatly 
diluted (e.g. 1 in 50). It should not be tasted or inhaled when undiluted. It is one of the 
most toxic essential oils. Isothiocyanates such as those present in mustard have been 
implicated in endemic goiter (hypothyroidism with thyroid enlargement). They also 
have been reported to produce goiter in experimental animals. Volatile mustard oil 
has strong antimicrobial (bacteria and fungi) properties. Sinigrin has been reported to 
be toxic to certain insect larvae but harmless to others. Recent research into the 
varieties of mustards have shown that they have a high oil content for use in the 
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production of biodiesel, a renewable liquid fuel similar to diesel fuel. The biodiesel 
made fcom mustard oil has good cold flow properties and cetane ratings. 
1.5. The present study 
PLD has been implicated in a number of cellular processes such as 
transmembrane signaling, intracellular protein trafficking, secretion, alteration in cell 
morphology and motility (Morris el ai, 1997; Pappan et al, 1997). Recently 
phospholipases have been shown to play a potentially critical role in central nervous 
system ischemic, traumatic and neurodegenerative disorders (Phillis & Regan, 2004). 
In the case of enzymes with broader substrate specificity and higher thermostability, 
some industrial applications have been listed. Its transphophatidylation activity is 
utilized commercially for the synthesis of rare natural phospholipids e.g 
phosphatidylserine, phosphatidylglycerol and novel artificial phospholipids (Juneja et 
al, 1987; Juneja et ai, 1989; Takami et ai, 1994). Artificial phospholipids are 
interesting targets for both pharmaceutical and cosmetic applications (Shimizu et ai, 
1992), A mutant PLD from Streptomyces sp. with enhanced thermostability has also 
been generated recently (Hatanaka et ai, 2004), Thus it is not surprising that lately 
there has been considerable and renewed interest in the enzymology of PLD, 
Despite the importance of PLDs in basic research and biocatalytic application, 
knowledge regarding their molecular properties, particularly their tertiary structure 
and conformational stability, is very limited. In recent years, however, a great number 
of primary sequences of PLDs fiom mammals, microorganisms, and plants have been 
elucidated on the DNA and mRNA level (Hammond et ai, 1995; Wang, 2000; 
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Lerchner et al., 2005), although only a few of the enzymes could be obtained in pure 
state. No significant similarity in the amino acid sequence of plant PLDs has been 
found to that of the only PLD with known tertiary structure, the PLD fix)m 
Streptomyces sp. Strain PMF (Leiros et al., 2000). Plant PLDs are monomeric and 
much larger than the microbial PLDs. Therefore, elucidation of the structures of plant 
PLDs seems difficult inspite of the promising report on crystals of PLD from Vigna 
unguiculata (Abergel et al., 2001). The transphosphatidylation activity of PLD 
depends on the source of the enzyme, the reaction media and the acceptor alcohols, 
and reports in the literature do not allow the formulation of general rules. PLDs from 
different sources show differences in their properties i.e in their activity and stability. 
So it becomes important to explore new sources of PLD for identifying some useful 
preparations i.e. those that possess high catalytic activity and stability. Therefore, in 
the present study we have checked for PLD activity in some new unexplored plant 
sources. We have jpsatraily characterized and purified PLD fk)m Allium sativum 
(garlic bulbs) and Brassica juncea (brown or Indian mustard) seeds, which exhibited 
; higher PLD specific activity than all other plant sources studied. To the best of 
our knowledge, this is pertiaps the first report on the presence of PLD activity in 
garlic bulbs and mustard seeds. 
16 
- • i . — . „ • • . — i _ 
M'E'mCKDS 
2. MATERIALS 
The chemicals used in the present research work were obtained from various sources as detailed 
below: 
CHEMICALS SOURCE 
Glacial acetic acid, HCI, EDTA, Tris, SDS, 
2-butanol, Acetone, NaCl, Butanol, Glycine, 
Ethanol, Sodium thiosulphate, silver nitrate, TCA, 
Formaldehyde, Calcium chloride. Sodium acetate. 
Qualigens Fine Chemicals, India 
P-mercaptoethanol Loba Chemicals, India 
BSA, 4-aminoantipyrine, L-a-phosphatidylcholine 
(from soybean), Choline oxidase (from Alcaligens sp.) 
Cabbage PLD, Alcohol dehydrogenase (from S. cerevisae) 
Sigma, USA 
Peroxidase, Coomassie brilliant blue R-250, 
Glycerol, Acrylamide, NAD*, 
N,N-methylenebisacrylamide, 
Tetramethylethylenediamine (TEMED), Bromophenol blue 
Sisco Research Lab, India 
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Microtitre plates Granier, USA 
BCA method reagents Pierce, USA 
Crude PIP2 (in yeast phospholipids) Synthesized in the lab. 
Mustard oil, mustard seeds, garlic bulbs. 
Ginger rhizomes, cabbage leaves. 
From tiie local market 
Neomycin GlaxoSmithKline Pharm. Ltd. 
Neem leaves From the local area 
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3. METHODS 
3.1. pH measurements 
The pH measurements were performed using an Elico digital pH meter, in 
conjunction with a combined glass electrode. The least count of the pH meter was 
0.01 pH units. The pH meter was standardized with 0.05 M potassium hydrogen 
phthalate buffer, pH 4,0 in acidic pH range and with 0.01 M sodium tetraborate 
buffer, pH 9.2 in the alkaline pH range. 
3.2. Protein determination 
The protein concentration was routinely determined by bicinchoninic t^ cid 
(BCA) method as described by Pierce, USA, taking bovine serum albumin as the 
standard protein. Increasing concentration of protein solution (50 |al) were added to 1 
ml of the reagent mixture (solution A and B in the ratio of 50:1), and incubated at 
ST^ 'C for 30 min. The colour intensity was measured at 562 nm against the reagent 
blank. The linear curve obtained by the method of least square analysis obeyed the 
following straight line equation; 
AO.D 562 nn. = 1.09 (mg of protciu) - 0.054 (fig.5) 
33. Preparation of PLD crude extracts 
Cabbage middle leaves, mustard seeds, garlic bulbs, ginger rhizomes or neem 
leaves (50 gm) were homogenized in 300 ml of water for 5 min in a warring blender 
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Fig.S. A standard curve for the determination of protein concentration. The BCA 
method was followed and BSA was used as the standard protein. 
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at 4°C. The homogenate was filtered through muslin cloth and then centrifuged at 
13,000 g for 30 min at 4°C (Sastry & Kates, 1969). 
3.4. PLD hydrolytic activity measurements 
The assay for the determination of PLD activity was an adaptation of Imamura 
& Horiuti (1978). The substrate solution, phosphatidylcholine (PC) was prepared by 
adding 40 mg of PC to 1 ml of chloroform and 5 ml of 7.2 mg SDS. In a typical 
experiment, to 10 jU of PC was added 10 fil of 0.1 M sodium acetate buffer, pH 5.5, 
containing 10 mM CaCla- The reaction was started by the addition of 30 }il of the 
enzyme sample, followed by incubation at 37°C for 10 min, and arrested by the 
addition of 20 jil of 1 M Tris-HCl buffer, pH 8.0 containing 0.1 M EDTA. 
Immediately to the above standard reaction was added 30 1^ of the following mixture; 
peroxidase reagent (containing 0.2 U peroxidase, 1.5 mM 4-aminoantipyrine and 2.1 
mM phenol) and choline oxidase (3 U) in 10 mM Tris-HCl buffer, pH 8.0, for 45 min 
at 37°C. The quinoneimine dye formed was measured at 492 nm. 
PLD 
Phosphatidylcholine + H2O • Phosphatidic acid + Choline 
Choline oxidase 
Choline + 2O2 + H2O ^ Betaine + 2H2O2 
Peroxidase 
2H2O2 + Phenol + 4-aminoantipyrine ^ Quinoneimine dye + 4H2O 
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One unit of the enzyme is defined as *he amount that changes the O.D at 492 nm by 
one per minute under the assay conditions. 
3.5. pH optimum of PLDGB and PLDMS 
The activity of PLDCB and PLDMS was detemiined at different pH values (3-
11) by taking 10 \il of buffers of different pH (0.1 M glycine-HCl buffer, pH 3.0; 0.1 
M sodium acetate buffer, pH 4.0 and pH 5.5; 0.1 M sodium phosphate buffer, pH 6.0, 
pH 7.0 and pH 8.0; 0.1 M sodium bicarbonate buffer, pH 10.0; 0.1 M tris-HCI buffer, 
pH 9.0 and 10.0) in the PLD catalyzed standard reaction mixture as described above. 
3.6. Temperature optimum of PLDGB and PLDMS 
The activity of PLDGB and PLDMS was determined at different temperatures by 
incubating the PLD catalyzed standard reaction mixture at different temperatures for 
lOmin. 
3.7. Thermostabilf ty of PLDGB and PLDMS 
The thermal stability of PLDoa was studied by incubating crude PLDGB or 
partially purified PLDQB (obtained after 60% ammonium sulphate precipitation as 
described in methods section 3.12.1.) at different temperatures (30-80°C) for 30 min, 
followed by immediate chilling of the samples in ice for 5 min, and then the activity 
was determined imder the standard assay conditions. 
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In another experinient, the crude PLDOB was incubated it SCC for different 
time intervals (0-60 min), followed by inunediate chilling of the samples in ice for 5 
min, and then the activity was determined under standard assay conditions. 
The thermal stability of PLDMS was studied by incubating crude PLDMS at 
different temperatures (IS-IO^C) for 30 min, followed by immediate chilling of the 
samples in ice for 5 min, and then the activity was determined under the standard 
assay conditions. 
3.8. Effect of calcium ions on the activity of PLDcsand PLDMS 
The effect of varying concentration of CaCl2 on the activity of PLDGB and 
PLDMS was studied using the above standard reaction mixture except that 0.1 M 
sodium acetate buffer pH 5.5, containing varying concentration of calcium was used. 
The activity of PLDOB and PLDMS was also determined in the presence of 1.5 mM 
EDTA. 
3.9. Effect of PIP2 on the activity of PLDGB ind PLDMS 
The activity of dialyzed crude PLDQE and PLDMS was determined in the 
presence of 3 mg/ml crude PIP2 sample (containing -16% w/w PIP2). The activity of 
undialyzed crude PLDMS was also determined in the presence 3 mg/ml neomycin, 
which is a PIP2 inhibitor. 
3.10. Effect of mustard oil on PLDMS activity 
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The activity of dialyzed crude PLDMS was determined in the presence of 
mustard oil using the above standard reaction mixture except that 5 \i\ of mustard oil 
and 5 ^ l of 0.1 M sodium acetate buffer, pH 5.5 were used. 
3.11. Transphosphatidylation activity of PLD 
The transphosphatidylation activity of pure PLD from cabbage leaves (PLDci) 
and crude PLDGB was determined by a coupled assay procedure developed in our lab.; 
The PLD catalyzed reaction; To 175 \il of 0.1 M sodium acetate bulTer was added 
175 fil of 3 M ethanol and 100 fxl of 10 mM PC (40 mg PC + 1 ml chloroform + 7.5 
mg SDS + 5 ml water). The reaction was initiated by the addition of 50 i^l of an 
appropriate amount of PLD, followed by incubation at ST'C for 10 min and arrested 
by immediate chilling of the reaction mixture in ice. The blank was prepared in the 
same way except that water was used instead of PLD. 
The Alcohol dehydrogenase reaction: To 0.25 ml of 60 mM sodiuni phosphate 
buffer, pH 8.5 was added 1 ml of water, 50 nl of 1.5 mM NAD\ 50 ^l of alcohol 
dehydrogenase (550 U). The reaction was initiated by the addition of 0.15 ml of the 
above PLD catalyzed reaction mixture, followed by incubation at 25°C, and the 
change in absorhance at 340 nra was measured continuously at different time 
intervals against a blank prepared in the same way except that water was used instead 
of the PLD catalyzed reaction mixture. 
3.12. Purincation of PLDQB 
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3.12.1. By ammonium sulphate precipitation 
The crude extract of PLDQB was brought to 60% ammonium sulphate 
saturation. The samples were centrifuged at 10,000 g for IS min, and the precipitate 
was separated from the siqiematant PLD activity was determined in both the 
supernatant and the precipitate. 
3.12.2. On DEAE cellulose matrix 
Batchwise purification of PLDOB was performed using DEAE cellulose matrix 
after 60% ammonium sulphate precipitation. The DEAE cellulose matrix (1 ml) was 
equilibrated with 10 mM sodium phosphate buffer, pH 6.5. The supernatant (3 ml) 
containing PLD activity obtained after 60% ammonium sulphate precipitation was 
loaded on the matrix and binding allowed to take place for I h. The unbound protein 
was washed off and subsequently the elution was performed with 10 mM sodium 
phosphate buffer, pH 6.5 containing 0.5 M NaCl. PLD activity was determined in the 
eluant. 
3.13. Purification of PLDMS 
3.13.1. By acetone precipitation 
The crude extract of PLDMS was brought to 50 or 80% acetone (v/v) 
saturation. The samples were centrifiiged at 10,000 g for 15 min and the precipitate 
was separated from the supernatant PLD activity was determined in both the 
supernatant and the precipitate. 
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3.13 J . By TPP 
To the supernatant obtained after 50% (v/v) acetone precipitation was added 
2-butanol in the ratio of (1:1 v/v) (siq)ematant to 2-butanoI) (Dennison & Loverich, 
1997; Sharma & Gupta, 2001). The solution was kept at 25°C for complete phase 
separation. After 30 min, the mixture was centrifuged at 2000 g for 10 min, and the 
three phases formed were collected separately. The three phases were the top organic 
layer, the middle pink colored layer, and the bottom aqueous layer. PLD activity was 
found to be associated with the middle pink coloured layer. 
3.14. Electrophoresis 
SDS-PAGE was performed according to the method of Laemmli (1970) using 
10 and 5% separating and stacking gels, respectively. The gel was silver stained 
according to the method of Nesterenko et al. (1994). The standard marker proteins 
used were myosin (205 kd), phosphorylase b (97 kd), BSA (68 kd), ovalbumin (43 
kd), carbonic anhydrase (29 kd), and soybean trypsin inhibitor (20 kd). 
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4. RESULTS AND DISCUSSION 
4.1. PLD activity in plant crude extracts 
The crude extracts of the following medicinally useful plants were prepared; 
Brassica oleracea (cabbage) leaves. Allium sativum (garlic) bulbs, Zingibar officinale 
(ginger) rhizomes, Brassica Juncea (mustard) seeds, and Azadirachta indica (neem) 
leaves. The protein content and PLD specific activity was determined in these crude 
extracts (Table I). All these five plants showed PLD activity. Therefore, PLD enzyme 
is present in cabbage, garlic, ginger, mustard, and in neem plants. PLD fi^om cabbage 
is a well-studied enzyme (Lambrecht & Ulbrich-Hofmann, 1992; Schaffher et ai, 
2002; Younus et ai, 2003; Younus et ai, 2004). However, to the best of our 
knowledge, there are no reports on the identification of PLD in garlic, ginger, 
mustaid, and neem plants. Therefore, this is perlu j^s the first report on the presence of 
PLD in these plants. The specific activity of PLD was higher in mustard seeds and in 
garlic bulbs than in cabbage leaves (Table 1). However, it was lower in ginger 
riiizomes and in neem leaves. Therefore, in the present study, we have characterized 
the PLD fix)m garlic bulbs and from mustard seeds and have purified them fiom the 
crude extracts. 
4.2. PLD from garlic bulbs 
42.1. Kinetic characterization 
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The experiment was done in duplicates and the difference in 
the results in duplicates was less than ± 5%. 
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The hydrolytic activity of PLDGB in the crude extract was determined using the 
method of Imamura & Horiuti (1978), which is based on the enzymatic determination 
of choline released ftom PC. Fig.6A shows the time course of choline liberated fix)m 
PC by the action of PLDOB at two different concentration of the enzyme taken i.e. 11 
and 44 mil. The activity increased linearly with increasing incubation time till 60 
min. 
The increase in activity with increasing substrate concentration followed a 
sigmoidai path (fig.6B). The activity at low substrate concentrations (0-0.8 mM) 
increases only slightly. It then passes an inflection point where the reaction is 
accelerated markedly till 1.2 mM substrate concentration, afterwhich the activity 
almost becomes constant. Therefore, a critical concentration of the substrate (0.8 
mM) is required for the rapid rate acceleration of the PLDOB activity. In interpretation 
of these results one has to take into consideration that the increasing substrate 
concentration not only represents a quantitative alteration but a new substrate quality. 
Therefore, PLDGB also shares the phenomenon of interfacial activation with other 
lipolytic enzymes i.e. the hydrolytic rate increases when the substrate changes from a 
monomeric to an aggregated state. This has also been observed for PLDCL 
(Lambrecht & Ulbrich-Hofinann, 1992). Allgyer & Wells (1979) proved that positive 
cooperativity or product activation was not responsible for the sigmoidai activity 
curves of PLD. 
The effect of pH on the activity of PLDQB is shown m fig.7A. The enzyme 
showed good activity (above 49%) in the pH range 3-11. The enzyme has three pH 
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Fig.6. Effect of time of incubation and substrate concentration on the hydrolysis 
of PC by PLDGB- A: The activity was determined at different incubation time and 11 
mU (•) and 44 mU (o) of the enzyme at 37**C and pH 5.5. B: The activity was 
determined at different substrate concentrations using 44 mU of the enzyme at 10 min 
as incubation time at 2TC and pH 5.5. 
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optima for hydrolytic activity, which were pH 4, 7 and 10. The activity was 
maximum at pH 4.0. 
The effect of temperature on the activity of PLDGB is shown in fig.7B. The 
enzyme showed good activity (above 65%) in the temperature range 30-80°C. The 
temperature optimum was observed to be lO^C. It was remarkable to note that the 
enzyme exhibited about 90% activity even at 80°C. 
4.2.2. Temperature stability 
The temperature stability of PLDCB is shown in fig.8. PLDGB exhibited 
high thermal stability. The crude enzyme retained almost 100% activity after 
incubation for 30 min till 60**C, afterwhich the activity increased and was about 119% 
at TO^ C and 139% at 80°C (fig.8A). It was an unexpected finding that the enzyme is 
activated further after exposure to high temperatures (70°C and 80°C) for 30 min. To 
confirm this, PLDGB was exposed to 80''C for varying time intervals (0-90 min) and 
the activity determined under the standard assay conditions (fig 8A inset). The 
activity of PLDGB increased to 145% after exposure to 80''C for 30 min, afterwhich it 
decreased and was 117% after 90 min. It was also observed that partially purified 
PLDGB obtained in the supernatant after 60% ammonium sulphate precipitation also 
showed high thermal stability. The enzyme retained about 70-100% activity after 
exposure to 30-70*'C for 30 min, afterwdiich it increased to 167% at 80°C (fig.SB). 
The activation of PLDQB after exposure to high temperatures might be due to the 
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Fig.7. Effect of pH (A) and temperature (B) on the hydrolysis of PC by PLDGB-
The reaction was performed using 44 mU of the enzyme, 2 mM PC and incubation 















Temperature ( C) 
Fig.8. Thermal stability of PLDGB- Crude PLDGB (44 mU) (A) and partially purified 
PLDGH obtained after 60% ammonium sulphate precipitation (B) was incubated at 
different temperatures for 30 min and then the activity was determined under the 
standard assay conditions. Crude PLDGB was incubated at 80°C for different time 
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better refolding of the enzyme after thermal stress, or the enzyme might be 
unproperly folded and/or assembled at room temperature and the heat treatment may 
altered the structure of the enzyme so that it is correctly folded and assembled. 
Similar results have been observed in the case of a recombinant thermostable 
glutamate dehydrogenase from a hyperthermophilic archaeon which was activated 2.6 
fold upon heat treatment i.e 80°C for 15 min (Rahman et ai, 1997). Since garlic 
grows best under hot and wet conditions (Kamenetsky et ai, 2004) and PLDGD 
activity is high under thermal stress, therefore it appears that PLDQB activity is 
perhaps required for the survival of the plant under thermal stress. Since it is well 
known that PLD plays pivoted role under various stresses in plants i.e freezing, 
drought, wounding, pathogen infection, nutrient deficiency and air pollution 
(Chapman, 1998; Frank et ai, 2000; Wang, 2000), therefore PLDQB may be involved 
in the signal transduction cascade triggered in response to high temperatures. 
4.23. Calcium dependence 
Calcium has been found to have a profound effect on the activity of plant 
PLDs (Wang, 1999; Zheng et al, 2000). Therefore, the effect of calcium ion 
concentration on the activity of PLDGB was investigated (fig.9). The enzyme showed 
activity also in the absence of calcium. Therefore, calcium is not mandatory for the 
activity of PLDGB- However, the enzyme was activated further in the presence of 
calcium. The optimum calcium ion concentration required for th<* activity of PLDGB 
was 70 mM. The enzyme was also found to be active in the presence of 1.5 mM 
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Fig.9. Effect of calcium ions on the hydrolysis of PC by PLDGB> The activity of 
PLDGB (44 mU) in varying concentration of calcium chloride was determined at 37°C 
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EDTA (fig. 10). Therefore, metal ions in general are not mandatory for the activity of 
PLDGB-
4.2.4. PIP} dependence 
The activity of some plant PLDs is regulated by PIP2 (Qin et al, 1997). 
Therefore, the influence of PIP2 on the activity of PLDQB was investigated (fig. 10). It 
was found that dialyzed crude PLDQB preparation was further activated upon the 
addition of PIP2 (fig. 10). There was a 2.5 fold increase in the activity upon the 
addition of 1.6% of PIP2 in the reaction mixture. Therefore, PIP2 regulates the activity 
of PLDGB. 
4.2.5. Transphosphatidylation activity of PLDCL and PLUGB 
The transphosphatidylation activity assay of PLD was standardized using 
commercially pure PLDCL- The assay is based on the conversion of PC in the 
presence of ethanol to phosphatidylethanol (PE) by the PLD catalyzed head group 
exchange reaction (transphosphatidylation activity) (Eq. [1]). This conversion is 
coupled to the alcohol dehydrogenase catalyzed reaction w^ose substrates are ethanol 
and NAD*, which are converted into the products, acetaldehyde and NADH (Eq. [2]). 
As NAD* is converted to NADH, the absorbance at 340 nm increases. The PLD 
catalyzed reaction results in the iowering of the ethanol concentration which lowers 
the rate of the reaction catalyzed by alcohol dehydrogenase and hence the conversion 
of NAD* to NADH, vdiich is measured by the lowering of the increase in absorbance 
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Flg.lO. Effect of EDTA and PIP2 on the hydrolysis of PC by PLDGB- The activity of 
undialyzed crude PLDQB (1), crude undialyzed PLDQB in the presence of 1.5 mM EDTA 




at 340 nm. This assay allows the continuous monitoring of PLD 
transphosphatidylation activity and the determination of initial reaction rates. 
Phospholipase D 
Phosphatidylcholine + Ethanol • Phosphatidylethanol + Choline [1] 
Ca^ * 
Alcohol dehydrogenase 
Ethanol + NAD"^  • Acetaldehyde + NADH [2] 
Fig.UA shows that when PLDCL is included in the coupled reaction assay 
described above, lowering of the alcohol dehydrogenase reaction occurs, since ethanol 
concentration is decreasing due to the conversion of PC to PE by the 
transphosphatidylation activity of PLDci,. Therefore, the lowering of the increase in 
absorbance at 340 nm in the reaction mixture containing PLD as compared to the reaction 
mixture devoid of PLD (blank) is a reliable, simple and fast measure of the 
transphosphatidylation activity of PLD. This spectroscopic assay developed in our lab is 
meant for rapid monitoring of PLD transphosphatidylation activity. It is very convenient 
and gives reproducible results. It is unlike other lengthy assays that are available 
involving the use of TLC or HPTLC (Morris et ai, 1997; Hirche, 1999; Sato t/ al., 
2000). Fig. 1 IB and fig.l IC show the effect of incubation time and enzyme concentration 
on the transphosphatidylation activity of PLD, respectively. There is a linear increase in 
the activity as depicted by the linear decrease in A O.D340 nm till 30 min of incubation 
time (fig.l IB). And also there is a linear increase in activity when the concentration of 
the enzyme is varied from 0-110 mU (fig.l IC). 
This assay was used to study the transphosphatidylation activity of PLDGB- Fig. 12 
shows the lowering of the alcohol dehydrogenase reaction when 110 mU or 73 mU of 
n 
Fig.ll. Transphosphatidylation activity of pure PLDCL^ The transphosphatidylation 
activity of PLDCL was determined as described in methods, section 3.11. A: Effect of 
time of incubation on the alcohol dehydrogenase catalyzed reaction in the absence (•) 
and presence of 110 mU of PLDCL (O) in the PLD catalyzed reaction mixture. B: Effect 
of the time of incubation on the PLD catalyzed reaction. C: Effect of enzyme 
concentration on the PLD catalyzed reaction mixture. 
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Fig. 12. Transphosphatidylation activity of crude PLDGB* Effect of time of 
incubation on the alcohol dehydrogenase catalyzed reaction in the absence of PLD 
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pure PLDcL or crude PLDQB, respectively, are included in the coupled reaction mixture. 
Therefore, this proves that PLDGB also posseses transphosphatidylation activity. The 
lowering of the alcohol dehydrogenase reaction was more by PLDGB then PLDCL 
although lesser amount of crude PLDGB (73 mU) was taken as compared to pure PLDCL 
(110 mU), therefore, it appears that PLDGB shows higher transphosphatidylation activity 
then PLDCL. 
4.2.6. Purification 
Purification of PLDGB was performed by ammonium sulphate precipitation 
followed by DEAE cellulose ion exchange chromatogiaphy. When the concentration 
of ammonium sulphate in the garlic bulb crude extract was made to 60%, PLD 
activity was observed in the supernatant. The enzyme yield and fold purification 
achieved in this step was 35.1% and 2.9, respectively (Table 2). Further purification 
of PLDQB was performed by DEAE cellulose ion exchange chromatography, using 
the supernatant obtained after 60% anunonium sulphate precipitation. The yield and 
fold purification achieved by this method was 26.1% and 38.5, respectively (Table 2). 
SDS-PAGE (fig. 13) of PLDGB at different steps of purification revealed that 
the enzyme was partially purified by 60% ammonium sulphate precipitation, and 
appeared to be purified to homogeneity on DEAE cellulose matrix. The molecular 
mass of PLDGB was determined to be 68 kd. 
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Table 2. Purification of PLDGB by ammonium sulphate precipitation method and on 




































All the experiments were done in duplicates and the difference in the results in duplicates 
was less than ± 5%. 
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Fig.l3. Purification of PLDGB by ammonium sulphate precipitation and on 
DEAE cellulose matrix. SDS-PAGE of standard marker proteins (14 ^g) (lane 1), 
PLDGB in the crude extract (28 ^g) (lane 2), supernatant obtained after 60% 
ammonium sulphate precipitation (221 ng) (lane 3) and the eluant obtained after 
DEAE cellulose ion exchange chromatography (36 ^ ig) (lane 4). 
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43. PLD from mustard seeds 
4 J.l . Kinetic characterization 
The hydrolytic activity of PLDMS in the crude extract was determined in the 
same way as for PLDOB- Fig.l4A shows the time course of choline liberated from PC 
by the action of PLDMS- The activity increased linearly till 10 min of incubation time, 
afterwhich the activity was almost constant with increasing incubation time. The 
effect of enzyme concentration on the activity of PLDMS is shown in fig.l4B. The 
increase in activity with increasing enzyme concentration was linear when 0-80 mU 
of the enzyme was taken in the reaction mixture. The increase in activity with 
increasing substrate concentration followed a sigmoidal path (fig.l4C). The activity at 
low substrate concentration (0-0.25 mM) increases only slightly. It then passes an 
inflection point where the reaction is accelerated markedly till 1 mM substrate 
concentration, afterwhich the activity increase is very slow and almost becoming 
constant. Therefore, a critical concentration of the substrate (0.25 mM) is required for 
the rapid rate acceleration of PLDMS activity. These results can be explained in the 
same way as in the case of PLDQB. 
The effect of pH on the activity of PLDMS is shown in fig. 15A. The enzyme 
showed good activity (above 73%) in the pH range 3-10. The pH optimum was 
observed to be 6.0. Below pH 6.0, the activity decreases, however above pH 6.0 the 
activity decreases till pH 8.0, aflerv»4iich it increased till pH 10.0. At pH 10.0, the 
activity retained by PLDMS was as high as 95%. 
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Fig. 14. Effect of time of incubation (A), enzyme concentration (B) and substrate 
concentration (C) on the hydrolysis of PC by PLD s^* The reaction was performed 
at 3rc and pH 5.5. 
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Fig.15. Effect of pH (A) and temperature (B) on the hydrolysis of PC by PLDMS* 
The reaction was performed using 80 mU of the enzyme, 2 mM PC and incubation 
time of 10 min. 
46 
PH 
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The effect of temperature on the activity of PLDMS is shown in fig.lSB. The enzyme 
showed good activity (above 80%) in the temperature range 25-70*'C. The 
temperature optimum was observed to be 60"'C. The activity remained above 94% in 
the temperature range 30-60°C. 
43.2. Temperature stability 
The temperature stability of PLDMS is shown in fig. 16. PLDMS exhibited high 
thermal stability. The enzyme retained almost 100% activity after incubation for 30 
min till 60*'C, afterwhich the activity decreased and was about 55% at 70°C. 
Therefore, PLDMS is stable till 60°C. The kinetic studies on PLDMS at different pH 
and temperature revealed that the enzyme is highly tolerant to pH changes and has 
high thermal stability. This is unlike many other plant PLDs that exhibit low stability. 
4 J .3. Calcium dependence 
The effect of calcium ion concentration on the activity of PLDMS was 
investigated (fig. 17). PLDMS also showed activity in the absence of calcium. 
Therefore, calcium is not mandatory for the activity of PLDMS- However, the enzyme 
was activated further in the presence of calcium. The optimum calcium ion 
concentration required for the maximum activity was 2 mM and above. The enzyme 
was also found to be active in the presence of 1.5 mM EDTA (fig. 18). Therefore, 
metal ions in general are not mandatory for the activity of PLDMS-
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Fig. 16. Thermal stability of PLDMS- PLDMS (80 mU) was incubated at various 







Temperature ( C) 
Fig.l7. Effect of calcium ions on the liydrolysis of PC by PLDMS- The activity of 
PLDMS (80 mU) in varying concentration of calcium chloride was detenrined at 37°C 





43.4. PIP2 dependence 
PLDMS was observed to loose its activity completely upon dialysis (fig. 18). 
No protein aggregation was observed after dialysis. Therefore, it was envisaged that 
some low molecular weight factor is required for the activity of this enzyme, which is 
present in the crude extract of mustard seeds and is lost upon dialysis of the same. 
This factor is not a metal ion since we have already shown that metal ions are not 
mandatory for the enzyme's activity. Since the activity of some plant PLDs is 
regulated by PIP2 (Qin et al., 1997), therefore, the influence of PIP2 on the activity of 
PLDMS was investigated (fig. 18). Inactive dialyzed PLDMS preparation was not 
activated upon the addition of PIP2. Therefore, PIP2 does not influence the activity of 
PLDMS- TO confirm further that PIP2 is not required for the activity of PLDMS, the 
effect of neomycin, which is an inhibitor of PIP2 (Qin et al., 1997) on the activity of 
PLDMS was studied. Neomycin is a high affinity ligand that selectively binds the 
polyphosphoinositides. Neomycin did not affect the activity of PLDMS in the 
undialysed crude extract (fig. 18). Therefore, these observations confirmed that PIP2 is 
not a regulator of the activity of PLDMS- Further the activity of dialyzed inactive 
PLDMS was observed (38%) in the presence of 5 ^l of mustard seed oil added in the 
reaction mixture (fig. 18). Therefore, we propose that some lipid factor that is present 
in the oil of mustard seeds is required for the activity of PLDMS-
4 J.5. Purification 
The purification of PLDMS proved to be quite difficult using size, charge and 
affinity based column procedures, since they required some dialysis step which 
50 
Fig.18. Effect of EDTA, neomycin, PIP2, and mustard oil on the hydrolysis of PC 
by PLDMS- The activity of undialyzed crude PLDMS (1), crude undialyzed PLDMS in 
the presence of 1.5 mM EDTA (2), crude undialyzed PLDMS in the presence of 3 
mg/ml of neomycin (3), crude dialyzed PLDMS (4), crude dialyzed PLDMS in the 
presence in the presence of PIP2 (5), and crude dialyzed PLDMS in the presence of 













• • • ' • • < \ : ' ' 
•,'r l-' •'. 
• . , • • • • : • • 
-
1^ 
1 — • - - ( • . . , , , , — , — ^ — , — 1 I.. , ,J 
3 
Sample 
resulted in the complete loss of the enzyme activity, as mentioned earlier. In the 
absence of the knowledge about the factor that is required for the activity of PLDMS, 
we tried solubility-based methods to partially purify the enzyme. Acetone 
precipitation of crude PLDMS was performed. When the concentration of acetone in 
the crude extract was made to 50%, the PLD activity was observed in the supernatant. 
The enzyme yield and fold purification achieved in this step was 59% and 1.6, 
respectively (Table 3). When the concentration of acetone in the crude extract was 
made to 80%, still PLD activity was observed in the supernatant. The enzyme yield 
and fold purification achieved in this step was 64% and 11.6, respectively (Table 3). 
The purification of PLDMS was also carried out by TPP methods (Sharma & Gupta, 
2001). It was observed that when equal volume of 2-butanol was added to the 
supernatant after 50% acetone precipitation, three phases were formed, upper organic 
phase, lower aqueous phase, and a pink coloured phase in between these two phases. 
PLDMS activity was associated with the pink coloured phase. The yield and fold 
purification achieved by this method was 89% and 6.7, respectively (Table 3). 
SDS-PAGE (fig. 19) gel revealed that PLDMS was partially purified by 50 and 
80% acetone precipitation, and by TPP methods. The molecular mass of PLDMS is 
predicted to be 68 kd. 
4.4. Conclusion 
In this study we have identified, characterized and purified PLD fit)m garlic 
bulbs and mustard seeds. The activity of PLDGB is highly pH and temperature 
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the results in duplicates 
was less than ± 5%. 
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Fig.l9. Purification of PLDMS by acetone precipitation and TPP methods. SDS-
PAGE of standard marker proteins (23 \ig) (lane I), PLDMS in the crude extract (182 
(ig) (lane 2), supernatant obtained after 50% acetone precipitation (341 jig) (lane 3) 
and 80% acetone precipitation (51 ^g) (lane 4), and the n i^ddle layer obtained after 
TPP (115 ng) (lane 5). 
5^ 
5 4 2 1 
tolerant, and the enzyme is highly thermal stable. This is unlike many plant PLD that 
exhibit low stability (Younus et ai, 2004). PLDGB is activated further on exposure to 
high temperatures (about SO^C) for a short time. Therefore, it appears that the 
refolding of the enzyme is better after sudden exposure to high temperatures for a 
short time. Like most conventional plant PLDs, calcium ions in the millimolar range 
are required for the optimal activity of PLDQB, showing maximum activity at 70 mM 
concentration of calcium ions. However no metal ion is mandatory for its activity. 
PLDGB is activated further in the presence of PIP2. Since PLDa requires calcium in 
the millimolar range for optimal activity (Qin et ai, 1997), therefore, we predict that 
perhaps PLDQB is the a-type of plant PLD. PLDGB appears to possess higher 
transphosphatidylation activity then PLDCL- Therefore, it may be utilized in the 
industry for the synthesis of rare natural and artificial phospholipids. It was possible 
to purify PLDGB to homogeneity by 60% ammonium sulphate precipitation followed 
by DEAE cellulose ion exchange chromatography. The molecular mass of PLDGB 
was determined to be 68 kd. 
The activity of PLDMS is also highly pH and temperature tolerant, and the 
enzyme seems to be highly thermal stable. Calcium ions in the millimolar range are 
required for the optimal activity of PLDMS, showing maximum activity at 2mM and 
above concentration of calcium ions. However, no metal ion is mandatory for its 
activity. Its activity is PIP2 independent and seems to depend on some other 
unidentified lipid factor present in mustard oil. Since PLDa requires calcium in the 
millimolar range for optimal activity, therefore, we predict that perhaps PLDMS is also 
the a-type of plant PLD. It was possible to partially ptfif^^'Pl^i^^^^fest acetone 
55 ik^ 
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precipitation and TPP methods. The molecular mass of PLDMS like that of PLDGB 
seems to be 68 kd. Such an active and stable sources of PLD (PLDGB and PLDMS) 
may find application in the lipid industry. 
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